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The neurotransmitter serotonin (5-HT) is a well established modulator of adult neurogenesis. In the last decade, several lines of research involving pharmacological enhancement of 5-HT levels, depletion of serotonergic neurons and direct activation of 5-HT receptors have shown consistently that 5-HT may enhance the production of new neurons in prominent neurogenic niches in the brain, including the dentate gyrus (DG) of the hippocampus (Doze and Perez, 2012) . This effect of 5-HT is also considered to have important functional significance. Most antidepressant drugs target the monoaminergic systems increasing hippocampal neurogenesis, and reduced levels of neurogenesis are common among patients suffering from major depression disorder (MDD) (Dranovsky and Hen, 2006) .
Physical exercise is another important neurogenic stimulus, which has been shown to have positive effects on mood, learning and memory in humans, both young and old, as well as in rodents. There is currently great interest in these effects and their possible implications for the prevention and managing of Alzheimer's disease and similar pathologies (van Praag, 2009; Hötting and Röder, 2013) . The literature on exercise in mice is vast, and includes numerous different protocols, among which voluntary wheel running is one of the most commonly used. This task has been linked to increased neurogenesis in the DG, as well as improved performance in spatial learning and contextual memory consolidation paradigms (van Praag, 2009 ).
In addition to neurogenesis, other alterations may be observed in the CNS in response to physical exercise. Synaptogenesis and angiogenesis are induced, likely as a result of increased production and release of brain-derived neurotrophic factor (BDNF) and insulin-like growth factor-1 (IGF-1). Most notably however, neurotransmitter availability is also modulated by exercise. The basal levels of monoamines such as 5-HT and noradrenaline increase in the brain of rodents that practice wheel running (Lista and Sorrentino, 2010) . In light of the many links described in recent literature, 5-HT is regarded as one of the candidate molecules to directly relate physical exercise to neurogenesis. However, up until very recently, the question of whether the neurogenic effect of running is dependent on 5-HT production remained unaddressed. In a paper published in The Journal of Neuroscience, Klempin et al. (2013) sought to answer this question using mice lacking tryptophan hydroxylase type 2 (Tph2
), the ratelimiting enzyme in 5-HT production in the CNS.
Tph2
Ϫ/Ϫ mice were first developed in 2008, nearly simultaneously by three independent groups, and they display a complete loss of brain 5-HT (Gutknecht et al., 2008; Savelieva et al., 2008; Alenina et al., 2009) . Despite the deficiency in the neurotransmitter, serotonergic fibers were shown to be morphologically unaltered in these animals (Gutknecht et al., 2008) . It is also noteworthy that Tph2 Ϫ/Ϫ mice are born visually indistinguishable from control littermates, but show alterations in postnatal development, including slower growth, slower weight gain and behavioral changes, such as increased aggressiveness. Brain morphology is however normal, and Tph2 Ϫ/Ϫ animals are fertile (Alenina et al., 2009) .
Using the S-phase mitosis marker Bromodeoxyuridine (5-bromo-2Ј-deoxyuridine, BrdU) Klempin et al. initially showed that Tph2 Ϫ/Ϫ mice had no significant changes in the total number of proliferating cells in the DG of the hippocampus, compared with wild-type animals. This finding is unexpected, because several authors have shown that partial lesions to the raphe nuclei, and consequent reduction of serotonergic neurons, result in decreased hippocampal neurogenesis (Doze and Perez, 2012) . Klempin et al. (2013) conclude that compensatory changes taking place during the development of these knock-out animals are likely involved, balancing out the effects of the lack of 5-HT in normal neurogenesis. Nonetheless, when Tph2 Ϫ/Ϫ mice and their wild-type littermates were allowed to engage in voluntary wheel running, an interesting difference emerged. As expected, after a 6 d period with unlimited access to a running wheel, wild-type mice showed a robust increase in neurogenesis compared with sedentary controls. Tph2 Ϫ/Ϫ mice, in contrast, showed no significant exerciseinduced increase in neurogenesis. As argued by the authors, this observation suggests a crucial role of 5-HT in exerciseinduced neurogenesis, because no other mechanisms compensated for its absence during the running period.
In addition to the clear serotonergic deficit, Gutknecht et al. (2012) recently showed that Tph2 Ϫ/Ϫ mice have considerable reductions in noradrenaline levels in several regions of the brain, such as the rostral raphe (28.3% reduction), the hippocampus (38.6% reduction), and the locus coeruleus (33.8% reduction). This observation might be relevant to the lack of exercise-induced neurogenesis reported by Klempin et al. (2013) . Parallels between the serotonergic and noradrenergic systems are well established in the literature, especially in pathologies such as MDD, where 5-HT/ noradrenaline reuptake inhibitors (SSRIs) are commonly used. Most importantly, DG neurogenesis may be positively modulated by noradrenaline to a similar extent as it is by 5-HT. Noradrenergic terminals are abundant in the DG, and depleting them through lesion of the locus coeruleus results in a significant reduction in neurogenesis in rodents, comparable to what is seen after loss of serotonergic terminals (Dranovsky and Hen, 2006) . Dopamine levels are also significantly reduced in the hippocampus of Tph2 Ϫ/Ϫ mice (71.9% reduction) (Gutknecht et al., 2012) . Relatively few studies have investigated the participation of dopamine in adult neurogenesis, and those that have produced some conflicting results. However, it has recently been noted that this neurotransmitter may be involved in controlling the proliferation of progenitor cells in the DG (Doze and Perez, 2012) and, consequently, fluctuations in hippocampal dopamine levels could have a role in the results reported by Klempin et al. (2013) .
The proliferation and subsequent fate of progenitor cells in the DG of wild-type and Tph2
Ϫ/Ϫ mice with or without access to a running wheel was also addressed by Klempin et al. (2013) . Using GFAP, DCX, and SOX2 labeling, the authors found that there were a similar number of quiescent, ϩ cells was increased in knock-out animals. Together, these data led to the conclusion that enduring changes in the rates of proliferation and apoptosis of DG progenitors take place in the absence of 5-HT. Increased proliferation of SOX2 ϩ progenitors seemed to maintain basal neurogenesis of knockouts at normal levels, and this was accompanied by an increase in the number of apoptotic cells. When submitted to the effects of physical exercise, however, the progenitor cell pool apparently could not further increase without 5-HT, and neurogenesis levels in Tph2 Ϫ/Ϫ animals failed to rise.
Last, Klempin and coworkers reported a large increase in the number of activated microglia in both wild-type and knockout animals after exercise. This effect was found to be significantly larger in Tph2 Ϫ/Ϫ mice. Because such increased microgliosis is a known consequence of physical activity, the authors ascribe this difference between genotypes entirely to the increased apoptosis of progenitor cells seen in knockouts. It is important to note, however, that 5-HT may have an important anti-inflammatory effect on microglia. Recent work using SSRIs have shown that these drugs are capable of suppressing microglial responses to certain inflammatory stimuli, possibly through a protein kinase A (PKA)-dependent mechanism (Tynan et al., 2012) . The larger increase in microglia seen in Tph2 Ϫ/Ϫ mice could thus be to some extent related to a lack of 5-HTmediated microglial suppression. In addition, changes to microglial proliferation and activation state may also be closely linked to the activity of DG progenitors in response to exercise, as recently reported by Vukovic and coworkers (2012) . Klempin et al. (2013) makes interesting and promising points to be addressed in the future, and the Tph2 Ϫ/Ϫ mouse model continues to be a valuable tool for the study of brain 5-HT. As a mediator of exercise-induced adult neurogenesis, 5-HT may be an old target for new approaches to prevalent CNS pathologies, such as MDD.
